In the present work, the attempt was made to assess the applicability of the full factorial experimental design in predicting the ballistic strength of nylon fiber/ phenolic composite laminates when subjected to a perpendicular impact by a solid projectile. In the study we used a number of ballistic composites (20 cm x 20 cm) with different areal weight (thickness) and fiber/resin ratio. The composites were made with an open mold high pressure, high-temperature compression of prepreg layers made of plain woven ballistic nylon fabric and polyvinyl butyral modified phenolic resin of the resole type. The preparation of the composite experimental samples was conducted in accordance with the 2 2 full factorial experimental design. The areal weight of the composites was taken to be the first factor and the second was the fiber/resin ratio. The first factor low and high levels were set at 2 kg/m 2 and 9 kg/m 2 , respectively, and for the second factor -at 80/20 and 50/50, respectively. To approximate the response i.e. the ballistic strength of the composites within the study domain (2 -9) kg/m 2 x (80/20 -50/50) fiber/resin ratio, the first-order linear model with the interaction was used. The influence of each individual factor to the response function was established, as well as the influence of the interaction of the two factors. We found out that the estimated first-degree regression equation with the interaction gave a very good approximation of the experimental results of the ballistic strength of composites within the study domain.
Introduction
A composite material is a special combination of two or more components that are dissimilar in form and properties. In composites the maximal use of each component favorable properties is made, resulting in a superior material. There are many forms of polymeric composites but, regardless of the type, they are all formed by a resin matrix of low modulus material and reinforcing fibers with the and stiffness properties that range from the factor of ten to the factor of thousand times higher than those of the matrix [1] [2] [3] . The reinforcing fibers in the composite material are responsible for carrying the vast majority of any loading applied, whereas the matrix simply binds the reinforcing fibers together and distributes the loading evenly throughout the fibers. The resin matrix also has several more minor roles, such as protecting the fibers from environmental influences and carrying a very small proportion of the applied load [4, 5] .
Fiber/resin composites are mainly used as structural materials. Because of their very high strength-to-weight ratio these materials have substituted many traditional materials in applications where the strength and weight are of crucial importance, especially in military and aerospace industries.
Laminated textile composite armor packages made of high-strength ballistic fabrics are widely used as armor panels in the body armor to stop bullets of short-barrel small arms and fragments of artillery ammunition and mines.
Textile composites suit this role well because of their superior stiffness and strength-to-weight properties over many other classes of materials. The utilization of textile composites provides mass efficiency with enhanced survivability, movability and transportability of people and devices.
The impact damage mechanism of composite materials can be categorized as either being a low velocity impact or a high velocity impact, which essentially pertains to the kinetic energy state of the impacting projectile. However, regardless of the categorization, the impact damage as a whole is defined as the application of a high strain rate on the material [6] . The low velocity impact damage can be defined as an event that applies a quasi static load to the material, which is an event that has the duration sufficiently long enough for the entire composite structure to respond to the impact. However, a high velocity impact can be defined as an event where the composite structure does not have time to respond to the impact loading, which is usually characterized by the stress wave propagation through the material with the majority of damages being inflicted in a localized area.
The energy-absorption characteristics of a laminate subjected to the ballistic impact depend on constituent material properties (fiber and resin), laminate and projectile parameters and impact conditions [6, 7] . The influence of some of these parameters on the perforation of laminate plates has been studied. One of the main parameters affecting perforation i.e. ballistic strength is laminate thickness. An alternative and related parameter is the areal weight of the laminate; the other main parameter is fiber/resin ratio into the composites which greatly affects overall mechanical properties of the laminate including the impact resistance.
One of the first recorded examples of the use of the soft fibrous armor was by the medieval Japanese who used the armor manufactured of silk [8] . The next generation of ballistic vests was introduced by the US military during the World War II. The "flak jacket," constructed of ballistic nylon provided the protection primarily from munitions fragments. Later, during the Korean War, the nylon fiber was used in a hard armor, namely, nylon/phenolic laminate was used in US Army M1 helmet [9] .
Ballistic composites are traditionally developed by using the legacy knowledge, and their development relies extensively on the use of fabricate-and-test approach. Since this approach is not only economically unattractive, but is often associated with significantly longer lead times, it has gradually become complemented by the appropriate cost-and time-efficient Computer Aided Engineering (CAE) analyses [10] . Based on the empirical knowledge, in this study we tried to find a mathematical correlation between two main factors affecting the ballistic strength of nylon/phenolic composites -the areal weight and the fiber/resin ratio of the composites.
Experimental procedure
The thermosetting phenolic resin with the dry content of 76 % and gel time at 150 ºC of 120 s was used as a matrix. The resin was modified with polyvinyl butyral with the dry content >98 %, supplied by Plasta Erkner, Germany. The purpose of the modification was to make the intrinsically brittle phenolic resin more flexible. It is a well-known fact that the flexibility of the matrix system better contributes to the kinetic energy absorption of high-and low-velocity impact and its dissipation in the adjacent layers [11] . As reinforcement, a plain woven glass fiber fabric was used finished with phenolic resin compatible silane finish. The main features of the fabric are given in Table 1 . The impregnation of the fabric was carried out on a semi-industrial vertical impregnating machine. Nylon/phenolic composites were taken in this study because of the cost favorability compared to highperformance fiber composites.
Table 1. Main properties of the nylon fabric
The laminated composites were produced by an open-mold compression at high pressure and the temperature of 155 ºC within 150 minutes for fully curing i.e. cross-linking of the resin. No post-curing treatment was conducted. During the impregnation, several factors were observed (resin viscosity, metering rolls gap on the impregnating machine, speed of impregnation 6 m/min, temperature 150 ºC) so that the required resin pick-up and its content in the prepreg was attained. The areal weight of the composites was adjusted simply by adding more prepreg layers in the press pack from the lowest to the highest area weight in accordance with the experimental design.
In the 2 2 full factorial experimental design (FFED) we used in this study, the areal weight of the composite is taken to be the first factor, and the second factor is -fiber/resin ratio. For the first factor the low and high levels are set at 2 kg/m 2 and 9 kg/m 2 , respectively, and for the second factor -at 80/20 and 50/50, respectively. Within this relatively narrow areal weight region, the linear dependence of the ballistic strength vs. areal weight was assumed. With that assumption, we took the first-order linear model with interactions to predict the response function i.e. the ballistic strength of the composites within the stated study domain (2 -9) kg/m 2 x (80/20 -50/50) fiber/resin ratio.
The full factorial experimental design allows making mathematical modeling of the investigated process in the vicinity of a chosen experimental point within the study domain [12, 13] . To include the whole study domain we chose the central points of both ranges to be the experimental points. For the areal weight of the composites, we chose the experimental point to be 5,5 kg/m 2 , and for the resin content , the experimental point -35 % (which corresponds to previously defined levels for fiber/ resin ratios). All tests were conducted with a standard 1.1g chiselnosed, a fragment simulating projectile which is non-deformable, made of quenched and tempered steel with a flat rectangular tip. Figure 1 shows the ballistic test setup. V50 measurement is based on measuring the time for which the projectile passes through two photo-sensitive frames which are positioned at a fixed distance, L. The balli-stic limit velocities, V50, are calculated in accordance with the NATO standard STANAG 2920 calculation method [14] . V50 property presents 50 % probability of the penetration i.e. non-penetration of the projectile into the test specimen (composite plate) and is a statistical measure developed by the US military.
In accordance with the FFED procedure, 4 (2 2 ) trails are needed i.e. all possible combinations of the variables are tested.
The coding of the variables is conducted in accordance with Table 2 . 
Results and discussion
The test results are presented in Table 3 together with the experimental matrix. (1) and in engineering or natural variables, y n :
.... (2) In the FFED the term x 1 x 2 is the interaction between the factors which might also have the influence on the response, in our case V50 value.
By analyzing the regression equation it should be noted that the main positive contribution to the V50 is given by the areal weight of the composites i.e. V50 is directly proportional to the areal weight of the composites. On the other hand, the resin content of the composite has the inversely proportional effect on the ballistic strength which means, the higher the resin content, the lower the ballistic strength. The influence of the areal weight is two orders of magnitude greater than the influence of the resin content. The interaction of the two factors, with the coefficient of -0.0838 has a negligible negative effect on the ballistic strength which is of one order of magnitude smaller than the influence of the resin content.
To validate the implementation of the FFED in the study and the assumed model, theoretically calculated results (Eq. 2) were compared with the experimental values for the composites with the areal weight of 2, 3, 4, 5, 6, 7, 8 and 9 kg/m 2 and the fixed resin content of 35 vol. %. This comparison can be conducted with any other value for the resin content as long as it is within the study domain. The results are presented in Figure 2 . As it can be seen in Fig. 2 , there is a good agreement between calculated and experimental values of V50. All calculated values are placed in a straight line which is in accordance with the assumed model of the experiment and are in close proximity of the experimental data.
How do we design composites using the regression equation?
-For a given request for the ballistic strength V50, by the substitution of y n , in the equation (2), the areal weight of the composites can be calculated and then the appropriate number of prepreg sheets used in fabrication of the composites -For a given weight limit (x 1 factor) by the su-bstitution of x 1 in Eq. 2, y n i.e. the value of V50 can be calculated.
In both above cases the resin content (x 2 factor) has to be fixed at 20 % for the most favorable outcome.
Conclusion
-For the range of the areal weight and for the range of the resin content the experimental measurements of the ballistic strength of composite laminates were carried out by implementing the 2 2 full factorial experimental design. A correlation equation was established for V50 as a function of the areal weight and the resin content of the composites. A very good agreement was found between experimental and calculated values. It was observed that if the study domain is precisely established (narrow enough), the full factorial experimental design can be employed in order to give good approximation of the response i.e. V50 value.
-V50 is directly proportional to the areal weight of the composites and inversely proportional to the resin content. The areal weight is a more dominant factor than the resin content.
